These authors contributed equally to this work SUMMARY Alternative splicing (AS) plays key roles in plant development and the responses of plants to environmental changes. However, the mechanisms underlying AS divergence (differential expression of transcript isoforms resulting from AS) in plant accessions and its contribution to responses to environmental stimuli remain unclear. In this study, we investigated genome-wide variation of AS in Arabidopsis thaliana accessions Col-0, Bur-0, C24, Kro-0 and Ler-1, as well as their F 1 hybrids, and characterized the regulatory mechanisms for AS divergence by RNA sequencing. We found that most of the divergent AS events in Arabidopsis accessions were cis-regulated by sequence variation, including those in core splice site and splicing motifs. Many genes that differed in AS between Col-0 and Bur-0 were involved in stimulus responses. Further genome-wide association analyses of 22 environmental variables showed that single nucleotide polymorphisms influencing known splice site strength were also associated with environmental stress responses. These results demonstrate that cis-variation in genomic sequences among Arabidopsis accessions was the dominant contributor to AS divergence, and it may contribute to differences in environmental responses among Arabidopsis accessions.
INTRODUCTION
Alternative splicing (AS) is the joining of different splice sites in a single primary transcript, thus creating multiple mature RNA isoforms and significantly expanding the protein repertoire of eukaryotic genomes (Graveley, 2001 ). There are four major classes of AS events: intron retention (IR), alternative 3 0 splice sites (Alt3), alternative 5 0 splice sites (Alt5) and exon skipping. Splicing of introns is a complex process performed by the spliceosome, a macromolecular machine that consists of five small nuclear ribonucleoprotein particles and more than 200 additional proteins (Reddy et al., 2013; Staiger and Brown, 2013) . The spliceosome directly interacts with cis-regulatory elements in the introns, including the 5 0 and 3 0 splice sites and the branchpoint, to remove them from pre-mRNA. During this process, the strength of these cis-regulatory elements may influence recognition by the spliceosome and result in AS. Other cis-regulatory elements such as splicing enhancers and silencers, which are located in exons and introns, can also influence splice site selection .
These cis-regulatory elements can be recognized by transacting regulatory proteins and function in regulation of AS Chen and Manley, 2009; Fu and Ares, 2014; Jangi and Sharp, 2014) .
Numerous studies suggest that AS plays a key role in regulating phenotype divergence and stress responses (Keren et al., 2010; Barbosa-Morais et al., 2012; Merkin et al., 2012; Lappalainen et al., 2013; Necsulea and Kaessmann, 2014; Gueroussov et al., 2015; Julien et al., 2016) . However, the manner in which variation in AS contributes to phenotypic differences in natural populations and the underlying regulatory mechanisms remain unclear. Studies in animals have revealed that changes in cis-regulatory elements are responsible for divergence in splicing (Koren et al., 2007; Sakabe and de Souza, 2007) . For example, in a recent study changes in predominantly conserved cis-regulatory elements were found to be sufficient to direct the majority of the observed species-specific AS patterns (Barbosa-Morais et al., 2012) . Additionally, RNA sequencing (RNA-seq) analyses of mouse hybrids found that cis-regulatory effects were dominant in regulating AS divergence (differential expression of transcript isoforms resulting from AS) during evolution (Gao et al., 2015) . A recent study in Drosophila revealed that both cis-and trans-regulatory factors contributed to AS divergence . Taken together, these findings suggest that complex mechanisms are responsible for AS divergence in different organisms.
Recent genome-wide analyses of AS using RNA-seq in plants revealed dramatic differences in AS events between plants and animals. In addition, these studies revealed that approximately 60% of genes containing introns are alternatively spliced in plants (Filichkin et al., 2010; Marquez et al., 2012; Shen et al., 2014; Mandadi and Scholthof, 2015) . Mounting evidence suggests that in plants AS occurs in response to abiotic and biotic stimuli (Staiger and Brown, 2013) . A recent study showed that temperature variation regulated intron retention and influenced starch accumulation in Arabidopsis (Seo et al., 2011 (Seo et al., , 2012 . Studies in Physcomitrella patens detected a large number of light-regulated intron retention (IR) events which were mediated by photoreceptors (Wu et al., 2014) . Dramatic differences in AS have also been found in the maize inbred lines B73 and Mo17 in response to Rhopalosiphum padi infestation (Song et al., 2017) . Due to their sessile lifestyle plants are strongly influenced by environmental factors, which may contribute to specialization of accessions (ecotypes) in their growth habitats. A study in Arabidopsis revealed that differences in proline content between accessions were associated with AS divergence in the D1-pyrroline-5-carboxylate synthetase 1 gene and contributed to responses to environmental stimuli (Kesari et al., 2012) . Another recent comprehensive study of transcriptomes using RNA-seq in 18 Arabidopsis accessions revealed that many introns varied among accessions (Gan et al., 2011) . However, there have been no comprehensive studies of variation in AS among accessions and the mechanisms that control differential usage of splice sites and contributions to stimulus responses.
In F 1 hybrids, pre-mRNAs are derived from two parental alleles; splicing differences between these two alleles can be classified as cis-regulatory effects, because both alleles are in the same trans-regulatory environment ( Figure S1 in the online Supporting Information). Moreover, variation between allele-specific differences and total splicing differences among parental strains can be attributed to transregulatory effects (Wittkopp et al., 2004 (Wittkopp et al., , 2008 Springer and Stupar, 2007; Emerson et al., 2010; McManus et al., 2010 McManus et al., , 2014 Goncalves et al., 2012; Coolon et al., 2014; Gao et al., 2015) . To study possible mechanisms regulating AS divergence in plants and its potential contribution to responses to environmental stimuli, we first used RNA-seq to study splicing differences between five A. thaliana accessions (Col-0, Bur-0, C24, Kro-0 and Ler-1), as well as the allele-specific splicing patterns in F 1 hybrids of Bur-0, C24, Kro-0 and Ler-1 crossed with Col-0 (the maternal line), after which we assessed the associations of single nucleotide polymorphisms (SNPs) that can change splice site strength with environmental stress factors in Arabidopsis populations. Our study suggests that AS divergence caused by cis-variation in genomic sequences may contribute to difference in responses to environmental stimuli among Arabidopsis accessions.
RESULTS

Identification of AS divergence in Arabidopsis accessions
To investigate AS divergence in Arabidopsis accessions we collected the first leaf of 14-day-old seedlings and performed 125-bp paired-end RNA-seq of accessions Col-0, Bur-0, C24, Kro-0 and Ler-1 with two biological replicates using the Illumina HiSeq 2500 platform. The RNA-seq reads were mapped to the TAIR10 reference genome (https://www.arabidopsis.org/) and the reference-guided assembled Bur-0, C24, Kro-0 and Ler-1 genomes (Schneeberger et al., 2011) using the splicing-sensitive alignment tools HISAT2 (Kim et al., 2015) . On average, about 40 million 125-bp reads were uniquely aligned to the conserved genic regions of the Arabidopsis accessions (see Experimental Procedures), among which more than half were spliced reads (i.e. reads that were aligned across an intron) (Table S1) .
After excluding 1585 intron regions that overlapped with possible antisense transcripts annotated in the literature or were found in public natural antisense transcript and long non-coding RNA databases (see Experimental Procedures), 58 751 high-confidence exon-exon splice junctions in 9981 TAIR10 annotated genes were identified in the mapped reads using HISAT2 (see Experimental Procedures) (Kim et al., 2015) . Based on these junctions, we identified an average of 4500 AS events in each sample using a minimum threshold of 20 sequenced reads per splicing event. The frequencies of these four major types of AS events were comparable in all five accessions (Figure 1a) . To identify differences in AS between accessions, we used 'percent spliced in' (PSI) to calculate the level of AS for each sample, after which we used Fisher's exact test on the junction read counts and the corresponding exon and intron read counts to calculate PSI values. In addition, to simplify our analysis we focused only on comparing Col-0 with the four other accessions. Using our selection criteria (P < 0.05 in both replicates and average |DPSI| > 0.1), we identified 324, 186, 173 and 202 divergent AS events in Bur-0, C24, Kro-0 and Ler-1, respectively, in comparison with Col-0 [average false discovery rate (FDR) = 0.075; Tables S2 and S3, Figure 1b] . Semi-quantitative RT-PCR validated 19 divergent RNA-seq splicing events in the five tested accessions (Figure 1c,d and S2a). The PSI values of the RNA-seq splicing events were verified by RT-PCR analysis ( Figure S2a-c) .
Cis-regulatory effects on AS divergence in Arabidopsis accessions
We then investigated variation in genomic sequences associated with divergent AS events in Bur-0, C24, Kro-0 and Ler-1 in comparison with Col-0 by calculating the number of SNPs and indels (insertions and deletions) per 100 bp in regions from the upstream exon of the intron to the downstream exon of the intron ( Figure S3 ). As shown in Figure 2 (a), divergent AS events in Bur-0, C24, Kro-0 and Ler-1 in comparison with Col-0 showed sequence variation significantly more frequently than did conserved AS events (without AS variation) or constitutively spliced introns.
We then compared sequence variation in core splice sites (5 0 -splice site, À3 bp to +6 bp; 3 0 -splice site, À13 bp to +1 bp) between divergent AS events and conserved AS. As shown in Figure S4 (a), the frequency of variation in core splice sites in divergent AS events was significantly higher than that in conserved AS events. Variation in core splice site sequences may affect the strength of the splice site and thus influence spliceosome recognition. Therefore, we calculated the variation in splice site score (strength of the splice site) for divergent and conserved AS events, respectively. We used divergent splice site scores (the absolute value of the difference between the splice site scores of AS events between two accessions; see Experimental Procedures) to evaluate the extent of variation in splice sites. A higher divergent splice site score indicated that it was more likely that the recognition strength of the splice site differed between the accessions being compared. It was found that divergent AS events were more likely than conserved AS events to have different splice site scores (Figure S5 ). We also compared sequence variation in branchpoint sequences between divergent AS events and conserved AS, which revealed that the frequency of variation in branchpoint sequences in divergent IR and Alt3 events was higher than that in conserved AS events in most of the comparisons ( Figure S4b ).
Extensive sequence variation in introns showing divergent AS suggested that cis-elements may play an important role in the regulation of AS in Arabidopsis accessions, so we examined the contributions of cis-and trans-regulation to AS divergence using F 1 hybrids (see Experimental Procedures). Col-0 was used as the maternal parent and crossed with Bur-0, C24, Kro-0 and Ler-1, resulting in four F 1 hybrids. Paired-end sequencing of polyA RNA isolated from these F 1 hybrids resulted in an average of 20 million 125-bp reads that were mapped to the conserved gene regions of both parents in each of the replicates from all four hybrids. Sequence reads uniquely mapped to one of the parents were identified as allele-specific reads and used to quantify allelic AS (Table S1 ).
In F 1 hybrids, AS was estimated by calculating the reads that uniquely mapped to one of the parental genomes. This practice may introduce bias, because the coverage of allele-specific reads may be low in regions with low sequence variation, and PSI values between the parental strains and their F 1 hybrids may not be consistent. Therefore, according to a previously reported method (Gao et al., 2015) , we mixed equal amounts of RNA-seq reads derived from the two parental accessions to create a mock F 1 hybrid RNA-seq dataset. We then compared the PSI values in both parent accessions with allelic PSI values in the mock F 1 dataset for AS events in each cross (5100 events on average) (see Experimental Procedures, Figure S6 ). An average of 1094 AS events with significant differences between the two PSI values for either allele and 2993 AS events supported with fewer than 20 allelic reads in both replicates were filtered out. As a result, in each of the crosses, an average of 1043 (total 4171) rest events for which the PSI values in parental accessions and allele-specific PSI values in mock F 1 hybrids were consistent were obtained for further analysis ( Figure S6 ). For each hybrid cross, we assessed the number of AS events that showed cis-and trans-regulatory differences. Using the criteria used for the parents (P < 0.05 in both replicates and | DPSI| > 0.1), we identified 169 AS events showing allelic divergence in F 1 hybrids of four crosses (average FDR = 0.02; Table S4 ). Of the 4171 retained events, 338 had divergent regulation between parental accessions, among which 129 and 15 events showed cis-and transdivergence, respectively ( Figure 2b ; Table S5 ). A typical example of cis-regulated allele-specific AS verified by allelic semi-quantitative RT-PCR is shown in Figure 2 (c). A higher frequency of cis-events was also evident when the four different types of AS events (IR, Alt3, Alt5 and exon skipping) were analyzed separately (Figures 2d and S7 ).
We also analyzed AS divergence in the shoots of 14-dayold Arabidopsis seedlings (Col-0, C24 and their reciprocal F 1 hybrids) using RNA-seq data from a recent report (Yang et al., 2016) . We found no maternal bias of AS divergence in Col-0, C24 or their reciprocal F 1 hybrids. Moreover, prominent cis-effects, but not trans-effects, were also found when the maternal parent was Col-0 (55 cis, 0 trans) or C24 (47 cis, 4 trans) (Figures S8 and S9).
Concurrent sequence variation and AS divergence in Arabidopsis accessions
To further characterize sequence variation associated with AS divergence in Arabidopsis accessions and simplify our analysis, we divided divergent AS events into two groups: those that diverged in more than one comparison (DMC; for each AS, more than one accession had divergent AS when compared with Col-0) and those that diverged in only one comparison (DOC; for each AS, only one of four accessions had divergent AS when compared with Col-0). As shown in Figure 1(b) , most of the divergent AS events were classified into the DOC group. There were also 154 DMC AS events, among which 25 AS events varied in all four comparisons. Further analysis showed that both of these two groups of genes were regulated by cis-effects rather than trans-effects ( Figure S10a , Table S6 ).
We then characterized the possible sequence variation that may contribute to AS divergence for DMC and DOC events. The DMC AS events were classified as a cosequence variant AS if they had at least one conserved SNP or indel in all accessions that showed divergent AS events compared with Col-0. We observed a higher frequency of co-sequence variant AS events in the DMC group compared with the control group. For AS events divergent in one only accession, controls were defined as events for which at least one SNP or indel was found both in the accession with divergent AS and in any other accessions without AS divergence compared with Col-0; this finding suggests that AS divergence may be caused by those SNPs or indels. The DOC AS events were classified as co-sequence variant AS if they had no sequence variation in accessions with conserved AS in at least one SNP or indel region found in an accession with divergent AS compared with Col-0. As shown in Figure 3 (a), the DOC group also showed a significantly higher frequency of cosequence variant AS compared with the control group.
To further investigate how co-sequence variation influences AS variation in DMC AS events, we defined those events as consistently divergent (CD) AS events if all accessions with AS divergence had PSI values that were higher or lower than the Col-0 PSI value; otherwise, we defined them as non-consistently divergent (NCD) AS events. In a random model, if AS varies between two accessions when compared with Col-0, half of the events will be CD AS events. Less consistently divergent AS events were found when more accessions were included in the analysis (Figure S10b) . In contrast to the random set, most AS events were consistently divergent in two, three or four accessions when compared with Col-0 using our RNA-seq data ( Figure 3b ). For the 25 AS events that diverged in all four accessions when compared with Col-0, all were of the CD type and showed PSI values that were higher or lower than that of Col-0 ( Figure 3b ). A typical example is shown in Figure S10(c) . These findings suggest that co-varied sequences in Arabidopsis accessions contribute to their consistent AS variation.
Of 113 CD AS events with co-sequence variation, 55 showed co-sequence variation in core splice sites, whereas (a) The frequency of co-sequence varied AS in different groups of divergent AS events. In AS events that diverged in more than one accession (DMC), co-sequence varied AS was defined as that for which at least one conserved SNP or indel was found in all accessions showing AS divergence in comparison with Col-0; in AS events divergent in only one accession (DOC), co-sequence varied AS was defined as that for which at least one SNP or indel was not found in the accession with conserved AS in comparison with Col-0; Control, in AS events divergent only in one accession, that for which at least one SNP or indel was found both in the accession with divergent AS and in any other accessions without AS divergence in comparison with Col-0. ***P < 0.001. (b) Classification of 154 DMC events with AS divergence in more than one accession by their 'per cent spliced in' (PSI) values in comparison with Col-0: 1 (red), divergent AS with PSI value > Col-0 in other accessions; À1 (blue), divergent AS with PSI value < Col-0 in other accessions; dotted arrow, consistent AS; solid line, inconsistent AS; DMC, for each AS, more than one accession had divergent AS compared with Col-0. Events were defined as consistently divergent (CD) AS events if all accessions with AS divergence had either higher or lower PSI values than that of Col-0, while other events were defined as non-consistently divergent (NCD) AS events. The AS events shown at the top and bottom of the figure are 25 CD AS events that diverged in all four accessions compared with Col-0. (c) The third intron in AT1G59750 showed Alt5 in Bur-0 and C24. A single nucleotide polymorphism was found upstream of the 5 0 splice site that disrupted its splice site function in the other three accessions. The red arrow shows two alternatively spliced 5 0 splice sites. (d) The third intron in AT1G44000 was more likely to be retained in Bur-0 and Kro-0 than in the other three Arabidopsis accessions. Multiple sequence alignment showed that Bur-0 and Kro-0 shared similar intron sequences. The red arrows show the 5 0 and 3 0 splice sites. (e) Motif tracts in the intron regions of IR events in Arabidopsis. A value of q < 10 À5 was used as the cutoff for the motif search. Only tracts with q < 10 À10 in more than two accessions are shown: yellow, 10 À10 < q < 10
À5
; red, q < 10 À10 .
4 showed co-sequence variation in branchpoint sequences. For example, in the third intron of At1g59750, a SNP was detected in an upstream 5 0 splice site in Bur-0, Kro-0 and
Ler-1 compared with Col-0 and C24. An Alt5 event was found at this site in Col-0 and C24, but the other three accessions did not show this Alt5 event because the score of the splice site with the SNP was significantly decreased (Figure 3c) . Analysis of allele-specific AS in F 1 hybrids showed that this AS event was cis-regulated ( Figure S10d ). We also detected 58 co-sequence variant AS events in which the covariant sequences were not located at the core splice sites. This finding suggests that, beyond core splice sites, sequence variation in other regions flanking the intron may also influence AS divergence during evolution. For example, At1g44000 (encoding an unknown protein) was a consistently varying AS gene that showed intron retention in the third intron in Bur-0 and Kro-0 but was spliced in Col-0, C24 and Ler-1 (Figure 3d ). Analysis of allelic splicing showed that At1g44000 was cis-regulated in F 1 hybrids of the Col-0 9 Bur-0 and Col-0 9 Kro-0 crosses ( Figure S10e ). Sequence alignment of the introns and their 10-bp flanking regions revealed seven positions that showed sequence variation in all five accessions, and all of them were far from score splice sites and co-varied in Bur-0 and Kro-0 compared with the other three accessions (Figure 3d ).
Variation in core splice sites and cis-motifs contributes to AS divergence in Arabidopsis accessions and allele-specific AS in hybrids
Cis-regulatory elements in AS regions interact with transsplicing factors to recruit the splicing machinery to the proper splicing sites. To determine whether the AS regions in Arabidopsis share common cis-regulatory motifs, we searched all possible 4096 hexameric sequences in the IR regions, including IR introns and exon regions around them ( Figure S11a ; see Experimental Procedures), after which we used a binomial test to find motifs enriched in AS regions relative to the corresponding regions surrounding constitutively spliced introns (read coverage > 20, PSI < 0.1). Using a binomial test, we detected many hexameric sequences enriched in IR introns in the five Arabidopsis accessions (Bonferroni-corrected P < 0.00001).
Only consistently enriched hexameric sequences common to all five accessions were included in the subsequent analyses. As shown in Figure 3 (e), there were two pyrimidinerich and five purine-rich hexameric motifs in IR introns in all five Arabidopsis accessions.
To investigate whether the variation in cis-motifs in the five tested Arabidopsis accessions was associated with divergent AS levels, SNPs and indels that might change cis-regulatory elements, including core splice sites and motifs, were identified in IR introns. Most of the identified motifs with sequence variation in accessions in divergent AS events were located in retained intron regions ( Figure S11b ). The IR introns were subdivided into four groups, which had (i) sequence variation in the core splice site only, (ii) sequence variation in identified motifs only, (iii) sequence variation in both the core splice site and motifs, or (iv) no sequence variation in the core splice site or motifs. A comparison of the DPSI values among these four groups of IR events revealed that the median DPSI values of groups (i), (ii) and (iii) were significantly higher than that of group (iv) (Wilcoxon rank-sum test, P < 0.05; Figure S11c). Next, we investigated whether the variation in cis-regulatory element sequences contributed to the observed differences in allele-specific AS. As shown in Figure S11(d) , the median allele-specific DPSI values of groups (i), (ii) and (iii) were significantly higher than that of group (iv). Ten IR CD events showed co-sequence variation in the detected motifs, among which four showed no sequence variation in their core splice sites. Taken together, these results indicate that variation in core splice sites or motifs may contribute to AS divergence in Arabidopsis accessions and allele-specific AS in hybrids.
Functional analysis of divergent AS events between Arabidopsis accessions
For each comparison between Arabidopsis accessions, 247, 150, 147 and 165 genes that showed divergent AS in Bur-0, C24, Kro-0 and Ler-1, respectively, in comparison with Col-0, were identified. We used agriGO software (Du et al., 2010) to identify enriched Gene Ontology (GO) terms in biological process categories for all of the genes with divergent AS described above. The functions of the genes with divergent AS in each comparison were found to vary significantly. As shown in Figure 4 (a), genes with divergent AS between Bur-0 and Col-0 had more enriched GO terms than the genes from the other comparisons, and genes with divergent AS in C24 and Ler-1 in comparison with Col-0 tended to have fewer enriched GO terms. We found no enriched GO terms in genes with divergent AS between Kro-0 and Col-0. We also identified differential gene expression in Bur-0, C24, Kro-0 and Ler-1 in comparison with Col-0 in edgeR using FDR < 0.05 as a cutoff threshold (Robinson et al., 2010) . The edgeR analysis showed that the differences in enriched GO terms for each comparison of genes with divergent AS were not caused by differential host gene expression, because 90% of the genes with divergent AS events for each accession in comparison with Col-0 did not show differential expression between Col-0 and the other accessions in RNA-seq or RT-PCR (Figures 4b and S2d).
For genes with divergent AS between Bur-0 and Col-0, the enriched GO terms were related to stimulus responses, including responses to jasmonic acid, salicylic acid, salt stress and osmotic stress (Figure 4c , Table S7 ). A previous study of salt tolerance in 350 Arabidopsis accessions, including Col-0, Bur-0 and Kro-0, found that the salt tolerance of Col-0 and Bur-0 differed significantly (Katori et al., 2010) . In our four comparisons, 31 genes showing AS divergence in each accession in comparison with Col-0 were classified into the GO category of salt stress response. More salt-response genes with divergent AS were detected in Bur-0 (20) than in C24 (10), Kro-0 (11) and Ler-1 (7), and 13 genes were specific to Bur-0 (Figure 4d ). For example, AT5G40770 (ATPHB3) is a prohibitin whose orthologs in other organisms are involved in transcriptional regulation (Fusaro et al., 2003; Rastogi et al., 2006) . In addition, a loss of prohibitin function may cause tumor formation in mammals (Fusaro et al., 2003) . A recent study in Arabidopsis found that ATPHB3 mutant plants were less sensitive to salt stress than wild-type plant . As shown in Figure S12 (a), the second intron of ATPHB3 in Bur-0 was alternatively spliced (Alt5), whereas no AS events were found in the other accessions, which suggested that splicing regulation of stimulus-responsive genes in Bur-0 differed from that of the other four accessions.
Cis-regulated AS divergence potentially contributes to environmental stress response in Arabidopsis
To investigate why a greater number of stimulus response genes in Bur-0 showed AS divergence compared with Col-0 relative to the other three accessions, we collected all AS events with divergent splicing levels in this group of genes and characterized their sequence variation in core splice sites. Remarkably, the number of cis-regulated AS events was greater than the number of trans-regulated AS events for stimulus response genes in all four accessions (Figure S12b) , and Bur-0 had a significantly higher frequency of stimulus response genes with AS introns whose core splice site varied in comparison with the other three accessions (Figure 5a ). For example, AT4G00585 encodes a transmembrane protein and is annotated as a stress response gene in the agriGO database (Du et al., 2010; Klodmann et al., 2010) . We detected a novel 5 0 splice site that led to an Alt5 event in the first intron of the 5 0 -untranslated region (UTR) in Bur-0. In contrast, there were no AS events in this intron in Col-0, C24, Kro-0 or Ler-1 (Figure 5b) . Detailed analysis revealed that three nucleotides were changed in the intron sequence near the known 5 0 splice site in Bur-0 compared with Col-0, while a novel downstream 5 0 splice site was also observed. Furthermore, this AS event was cis-regulated in F 1 hybrids of the Col-0 9 Bur-0 cross ( Figure S12c ). To investigate whether AS divergence caused by sequence variation contributes to environmental stress responses in Arabidopsis, we collected 22 environmental phenotypes, including abiotic and biotic stress, life history, geography and climate (Table S8) , after which a genomewide association study (GWAS) was performed using SNP data from 1135 Arabidopsis accessions in the 1001 Genomes Project database with linear mixed models in GEMMA software (Zhou and Stephens, 2012) to identify environment-related SNPs for each phenotype (100 identified SNPs on average, adjusted P < 0.1) (Figures 5c and  S13 ). Next, we performed population-wide identification of SNPs that might influence the recognition strength at known splice sites in gene bodies (see Experimental Procedures). Using a divergent splice site score of 2 as a cutoff, more than 3000 SNPs in gene bodies with differential splice site scores were identified. Next, we intersected these two groups of SNPs and found 25 SNPs in 25 genes with differential splice site strength which were associated with environmental stress responses ( Table 1) . The environmental stress response-related SNPs included four SNPs associated with abiotic and biotic stress, five SNPs associated with life history, six SNPs associated with geography and nine SNPs associated with climate. Based on these SNPs, two genes, AT1G51140 and AT2G27120, were annotated as stress response genes in the agriGO database (Du et al., 2010) . We also found that a SNP in the fifth intron of AT2G35340 was associated with maximum temperature variation and showed a difference in the strength of its 3 0 splice site. AT2G35340 encodes a helicase domain-containing protein. A previous study identified a temperature-sensitive allele in the AT2G35340 homolog AT1G32490 (with 80% coding sequence identity and 77% protein identity), a putative mRNA splicing helicase involved in downregulation of many cell wall-related genes and radial swelling in Arabidopsis (Howles et al., 2016) .
DISCUSSION
In this study, we used RNA-seq to explore the divergence and regulatory mechanisms of alternative splicing in five accessions of A. thaliana and their F 1 hybrids, which revealed that sequence changes were the major sources of intraspecies variation in AS in Arabidopsis. Analysis of the relative contributions of cis-and trans-regulatory effects using F 1 hybrids suggested that cis-effects played a major role in AS divergence and contributed to consistent AS variation in Arabidopsis accessions. The prominent cis-regulation in Arabidopsis was consistent with previous studies of murine F 1 hybrids (Gao et al., 2015) and analysis of the AS divergence of exon skipping between humans and mice (Barbosa-Morais et al., 2012). These results suggest that, unlike in the case of gene expression, which is dominated by trans-effects with regard to intraspecies differences relative to interspecies differences (Wittkopp et al., 2008) , cis-regulatory divergence may be a common effect regulating intraspecies AS divergence in plants, as well as between different organisms such as plants and mammals.
We identified many pyrimidine-and purine-rich motifs that regulate AS events in Arabidopsis, and we demonstrated that variation in these motifs contributed to AS divergence in Arabidopsis accessions and hybrids. A genome-wide study comparing wild-type Arabidopsis with transgenic lines mis-expressing polypyrimidine tractbinding protein revealed that the frequencies of many AS events, including Alt5, IR and exon skipping, were different in the mutants (Ruhl et al., 2012) . Recent studies also identified other motifs that contributed to AS regulation in plants (Wu et al., 2014; Marquez et al., 2015) , suggesting that splicing motifs may be a common mechanism for AS regulation in plants, as in animals. Our analysis showed that variation in motifs contributed to AS divergence in parents and allele splicing in hybrids. These findings further confirm that cis-effects played a pivotal role in AS divergence in Arabidopsis.
Our results also suggest that AS divergence regulated by cis-effects caused by sequence variation contributed to differences in stimulus responses among Arabidopsis accessions. Bur-0 is more tolerant than Col-0 to salt stress (Katori et al., 2010) . We found that many stimulus response genes, including salt-responsive genes, showed divergent AS events between Bur-0 and Col-0. The sequence variation of the core splice sites of the divergent AS introns in Bur-0 in comparison with Col-0 was significantly greater than that of the other three accessions, and these divergent AS introns were mainly regulated by ciseffects. Furthermore, our GWAS of genes with core splice site SNPs that influenced splice site recognition from the 1001 Genomes Project also suggested that AS divergence caused by sequence variation may contribute to differences in environmental stress responses among Arabidopsis accessions.
Environmental stress responses in plants are complex processes with integrated regulatory mechanisms operating on multiple levels (Trontin et al., 2011) . Recent studies have identified many genetic loci that contribute to adaptation to environmental stress in Arabidopsis (Fournier-Level et al., 2011; Hancock et al., 2011; Lasky et al., 2014) . Other studies have suggested that variation in gene expression in plants is under pressure from environmental stress (Josephs et al., 2017) . Analyses of gene expression in inter-and intraspecific Arabidopsis accessions and their F 1 hybrids have revealed the contributions of cis-regulatory variation to stress responses (Cubillos et al., 2014; He et al., 2016) . Our study confirmed cis-regulation as the major regulatory mechanism underlying AS divergence between Arabidopsis accessions and provided a possible connection between genetic variation and phenotypic diversity in plants by showing that genetic variations may influence AS and contribute to different stimulus responses among plant accessions growing in different environments. A recent study found that the Arabidopsis accession Sha had additional TA repeats in intron 2 and a G-to-T transversion in intron 3 in P5CS1 compared with Ler-1. This sequence variation was sufficient to promote AS and production of a non-functional transcript lacking exon 3, which influenced proline content and contributed to drought responses in Arabidopsis (Kesari et al., 2012) . Although our study could not verify the relationship between AS divergence and environmental stress responses directly, future studies should aim to solve this problem. Recently, genome-wide mapping of splicing quantitative trait loci (sQTL) aimed at identifying genetic variants that regulated intron splicing using RNA-seq data from a large human population with diverse genetic backgrounds revealed a large number of sQTLs associated with GWAS SNPs (Monlong et al., 2014; Zhang et al., 2015) . With the help of high-throughput sequencing of transcriptomes in a large number of Arabidopsis accessions, we will identify more sQTLs and connect them directly to variants that contribute to differences in responses to environmental stimuli in plants.
EXPERIMENTAL PROCEDURES Plant materials and growth conditions
Arabidopsis accessions Col-0 (CS28167), Bur-0 (CS28125), C24 (CS28127), Kro-0 (CS76533) and Ler-1 (CS6928), as well as their F 1 hybrids Col-0 9 Bur-0, Col-0 9 C24, Col-0 9 Kro-0 and Col-0 9 Ler-1, were grown on Murashige and Skoog plates containing 1% (w/v) sucrose under long-day conditions (16 h 100 lmol m À2 sec À1 white light at 22°C and 8 h dark at 18°C). Experiments were performed using the first leaf of 14-day-old seedlings.
Generation of RNA-seq libraries
Total RNA was isolated from the first leaf of 14-day-old Arabidopsis seedlings using RNeasy Plant Mini Kits (Qiagen, https://www.qi agen.com/) and Qiagen RNase-Free DNase was used to remove genomic DNA contamination. Messenger RNA was extracted from total RNA using Dynabeadsâ Oligo(dT)25 (Invitrogen Dynal, https://www.thermofisher.com/). First-strand and second-strand cDNAs were generated using SuperScript II reverse transcriptase (Invitrogen, https://www.thermofisher.com/) and random hexamer primers. Double-stranded cDNAs were fragmented by nebulization and used for the construction of a RNA-seq library using the NEBNext â Ultra TM RNA Library Prep Kit (NEB, https://international. neb.com/). Paired-end sequencing was performed on an Illumina HiSeq 2500 platform to generate 125-bp paired-end reads. RNAseq was performed on two independent biological replicates.
RNA-seq read mapping
We mapped Col-0 RNA-seq reads to the TAIR10 genome using HISAT2 (Kim et al., 2015) with the parameter novel-splicesite-outfile. Only uniquely mapped reads were retained for subsequent analyses. Bur-0, C24, Kro-0 and Ler-1 RNA-seq reads were mapped to the corresponding reference-guided assembled genomes from the 1001 Genomes Project (Schneeberger et al., 2011) . For softclipped reads, we used the methods in SpliceJumper to realign the clipped part to the genome using the insert size of the pairedend reads to bound the search (Chu et al., 2015) . For soft-clipped reads without paired-end mapping, a maximum junction size of 6000 bp was used as the boundary. We used BLAT (Kent, 2002) to align the genomic sequences of TAIR10 genes to the genomes of Bur-0, C24, Kro-0 and Ler-1. Genes with >80% nucleotide identity in >80% of genic regions were retained for further analysis. The psl files from the blat output were used to create liftover files, and genomic positions were transformed between Col-0 and the other four accessions using UCSC liftover software.
For the F 1 hybrids, we aligned RNA-seq reads to TAIR10 and another parental genome. Reads were assigned to an allele based upon the highest quality alignment and used to calculate the divergence of allelic AS. Differential expression between accessions was assessed statistically using the R/Bioconductor package edgeR (v.3.0.8) (Robinson et al., 2010) , and normalization was performed by trimmed mean of M values (TMM). Genes with FDR < 0.05, as determined using edgeR, were identified as differentially expressed.
Splicing analysis
Splice junctions were predicted using HISAT2 (Kim et al., 2015) software. No mismatch was allowed in the alignment of the 8-bp region around each splice site. The splice junctions were used for further analysis if they were inside the coordinates of genes annotated in TAIR10 and were backed up by at least three read alignments and detected in at least two RNA-seq libraries in each genotype.
Junction alignments were parsed to count the RNA-seq reads corresponding to each splicing event. To make our AS analysis more reliable, we excluded from further analysis introns that overlapped with antisense transcripts annotated in the literature (Bardou et al., 2014; Shin and Chekanova, 2014; Fedak et al., 2016; Hawkes et al., 2016) , those in the PlantNATsDB public natural antisense transcript database and those in long non-coding RNA databases (PNRD, PLncDB, CANTATAdb) (Jin et al., 2013; Yi et al., 2015; Szczesniak et al., 2016) . Splicing analysis was performed for all events with a minimum total of 20 RNA-seq reads (junction reads for exon skipping, Alt5 and Alt3; junction and genomic reads for IR). The PSI values were calculated using a method similar to that reported by McManus et al. (2014) . Intron retention was defined as those introns that were covered by at least five RNA-seq reads in their genomic intronic regions and had all of their intronic regions covered by sequencing reads. Junction reads and reads that aligned across the donor or acceptor sites were used to calculate retention levels as per cent retained intron (PRI) values. Introns with PRI values >0.1 in at least one genotype were retained for further analysis. For Alt3 and Alt5, AS levels were calculated as the ratio between the junction reads for two AS junctions. For exon skipping, PSI values were calculated as the ratio between reads in junctions supporting exon inclusion and reads in junctions supporting exon exclusion.
We used Fisher's exact test to compare PSI values between two accessions or alleles. P-values were adjusted using the BenjaminiHochberg (BH) method, and an adjusted P-value of ≤0.05 in both replicates and an average |DPSI| > 0.1 were used as the significance threshold. Different cutoffs of |DPSI| values (|DPSI| > 0, 0.05 and 0.15) corresponding to different FDRs (see False discovery rate estimation) were also tested to assess the sensitivity of the method to different cutoffs.
We used the Altman and Bland method to estimate trans-regulatory divergence in AS (Altman and Bland, 2003; McManus et al., 2014; Gao et al., 2015) . The ratio of PSI values between two parental alleles was compared with allele-specific PSI ratios from F 1 hybrids. The standard error of the difference between the parental and allelic PSI ratios was calculated and used to derive Z-scores and P-values. P-values were adjusted using the BH method, and an adjusted P ≤ 0.05 was applied to determine trans-regulatory splicing divergence.
False discovery rate estimation
We used a method based on bootstrapped label permutation to estimate the FDR (Sterne-Weiler et al., 2013; Gao et al., 2015) . Briefly, for each value of x in (0.01, 0.05, 0.1, 0.15, 0.2 0.25, 0.3) and y in (0.1, 0. 05, 0.01, 0.001, 0.0001) we performed 100 independent bootstrapped label permutations of another replicate. For each of the 100 shuffled sets, we calculated the number of events passing the threshold for false positives (P-value > y and average |DPSI| > x in both replicates). For each of the 100 permutations of each value of x and y, the FDR was estimated as the number of false positives divided by the number of real events passing the threshold, including both false positives and true positives.
Filtering of biased allelic AS events
In the F 1 hybrids, we used only reads that could be unambiguously assigned to one parental genome to estimate allelic AS (see the section on RNA-seq read mapping). This practice may cause bias in AS events with low sequence variation. The read coverage in these AS events may be low in F 1 hybrid samples, which can result in inconsistent PSI values between the parental accessions and their F 1 hybrids. To avoid potential errors, we mixed the parental reads of each cross to create mock F 1 hybrids, which were processed in the same way as the real F 1 hybrids (i.e. mapping to both genomes and assignment to the parental alleles for the identification of allele-specific reads according to mapping scores). To evaluate the variation of PSI values for the events without assignment bias, we also downsampled the reads of each parent in each cross to the same coverage as their corresponding F 1 alleles in the mock F 1 hybrids, after which these reads were mapped to their own genomes.
To detect events with inconsistent PSI values between the parental accessions and the mock F 1 hybrids, we applied a Z-value transformation method as described elsewhere (Gao et al., 2015) to transform DPSI (the difference between the PSI values and the mock F 1 hybrid PSI values) by a local standard deviation, which we computed using a sliding window approach in the downsampled datasets. The local standard deviations were smoothed using loess regression and used to calculate Z-values and P-values for mock F 1 hybrids. Inconsistent PSI values were filtered out by applying a threshold of P < 0.05.
Splice site score calculation
Core splice donor and acceptor sequences (5 0 -splice site, À3 bp to +6 bp; 3 0 -splice site, À13 bp to +1 bp) were scored using a position-specific score matrix (PSSM) method (Sheth et al., 2006) . The PSSM was generated from the core splice donor and acceptor sequences of Arabidopsis introns (from TAIR10 annotations). High or low splice site scores corresponded to levels of splicing that were more or less similar to the genomic average, respectively. Using this method, we calculated the score for each splice site in AS events in Col-0 and the other four accessions. The variation in splice site scores was calculated for IR as the difference of the scores in two alternative splice sites between Col-0 and the other four accessions. The variation in splice site scores was calculated for Alt3 and Alt5 by comparing the corresponding differences in splice site score in Col-0 with the score differences in the other four accessions. Greater variation in splice site scores indicates more divergence in the core splice site sequences of AS events between Col-0 and the other four accessions.
Identification of putative branchpoint sequences
We searched for the putative branchpoint sequence YUNAN in the region extending from 18 to 60 nucleotides upstream of the 3 0 splice site (Brown et al., 1996) . Only the sequence nearest to the 3 0 splice site was selected for further analysis.
Identification of hexameric tracts enriched near AS sites
We searched for all 4096 (4 6 ) potential hexameric sequences in the regions near splice sites of IR events. Three regions (upstream exons, intron and downstream exons) were searched separately for hexamer enrichment. A binomial test with Bonferroni multiple correction was performed to determine whether each hexamer was enriched in regions surrounding introns with AS in comparison with the corresponding regions surrounding constitutively spliced introns .
Gene Ontology analysis
AgriGO (Du et al., 2010) was used to map genes to biological process GO terms with the hypergeometric distribution method. P-values were adjusted by the BH method. An adjusted P < 0.05 was considered significant. A total of 19 186 intron-containing genes conserved in all four accessions in comparison with Col-0 were used as the background set.
Population-wide identification of SNPs influencing splice site strength
The SNPs in 1135 accessions were downloaded from the 1001 Genomes Project. More than 1.4 million SNPs were collected after filtering out SNPs with minor allele frequencies of less than 0.05. For each SNP in the core regions of known splice sites, we calculated divergent splice site scores for sequences with and without the SNP. A cutoff score of 2 was used to filter out SNPs that may not influence splice site recognition strength.
The GWAS analysis of SNPs associated with environmental stress Twenty-two environmental phenotypes, including seven abiotic and biotic stress variables and their combinations, two flowering time variables (life history), three geographical variables (longitude, latitude and elevation) and 10 climate variables (including temperature, aridity, humidity and evapotranspiration) were obtained for 133 of 308 Arabidopsis accessions with SNP information in the 1001 Genomes Project from the work of Davila Olivas et al. (2017) (Table S8) .
A total of 1.3 million SNPs from 133 Arabidopsis accessions were collected from the 1001 Genomes Project after filtering out SNPs with minor allele frequencies of <0.05. The number of SNPs was reduced to 243 000 by PLINK1.07 software using the parameters 50, 5 and 2 (Purcell et al., 2007) . Those SNPs that can influence splice site strength were maintained for further analysis. A GWAS analysis of the 22 environmental phenotypes was conducted using a linear mixed models algorithm in GEMMA software (Zhou and Stephens, 2012) . The BH test was used to adjust the P-values, and a threshold of 0.1 was used to identify SNPs that were significantly associated with environmental phenotypes.
RNA isolation and quantitative RT-PCR validation analysis
Total RNA was isolated from the first leaf of 14-day-old seedlings using an RNeasy Plant Mini Kit (Qiagen), treated with an RNaseFree DNase Set (Qiagen) and then used in RNA-seq and the following experiments. Reverse transcription was performed using the RevertAid First Strand cDNA Synthesis kit (Thermo Fisher Scientific, https://www.thermofisher.com/) to synthesize cDNA as the template for semi-quantitative RT-PCR and quantitative (q)RT-PCR. In the semi-quantitative RT-PCR, cDNA (75 ng) was amplified for 30-33 cycles and the fragments were separated using 2% agarose gels. Quantitative RT-PCR was performed with the 7500 Fast RealTime PCR System (Applied Biosystems, https://www.thermofishe r.com/) using SYBR Premix Ex Taq (Takara, https://www.takarab io.com/). Three technical replicates for each transcript and three biological replicates for alternative spliced introns were performed. Actin (At5g09810) was used as an internal reference. The primer sequences are listed in Tables S9 and S10 .
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